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Abstract
The discovery of jets from tidal disruption events (TDEs) rejuvenated the old
field of relativistic jets powered by accretion onto supermassive black holes.
In this Chapter, we first review the extensive multi-wavelength observations
of jetted TDEs. Then, we show that these events provide valuable infor-
mation on many aspects of jet physics from a new prospective, including
the on-and-off switch of jet launching, jet propagation through the ambi-
ent medium, γ/X-ray radiation mechanism, jet composition, and the multi-
messenger picture. Finally, open questions and future prospects in this field
are summarized.
Keywords: Black hole physics, radiation mechanisms: non-thermal,
Galaxy: center, galaxies: jets, X-rays: bursts, relativistic processes, shock
waves
1. Introduction
Most if not all massive galaxies host a super-massive black hole (SMBH)
at their center. In active galactic nuclei (AGN), SMBHs eject relativistic
jets with typical Lorentz factors of ∼ 10, which produce luminous multi-
wavelength emission ranging from radio to gamma rays. Nevertheless, most
SMBHs have long quiescent times with short periods of activity (once every
∼ 104 yrs, e.g., van Velzen 2018) driven by tidal disruption events (TDEs),
i.e. stars which come close enough to the SMBH to be ripped apart by tidal
forces.
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About∼ 90 tidal disruption event (TDE) candidates have been discovered
so far (see, e.g., Komossa, 2015, for a review)1. Predicted by several authors
(e.g., Hills, 1975; Lacy et al., 1982; Rees, 1988; Evans & Kochanek, 1989),
they were discovered by the ROSAT telescope in the late nineties (e.g., Bade
et al., 1996; Grupe et al., 1999; Komossa & Bade, 1999). When detected
in X-rays, their outbursts are typically soft (. 0.1 keV) and very luminous
(≈ 1042 − 1045 erg s−1). While the rate the disrupted star accretes on the
SMBH after the first close-by passage is predicted to drop with time approx-
imately as ∼ t−5/3 (Evans & Kochanek, 1989; Phinney, 1989), observations
show a shallower decay (Auchettl et al., 2017, 2018). More recently, many
TDE candidates are found by the increasingly powerful optical/UV transient
surveys (e.g. Gezari et al., 2008, 2009; van Velzen et al., 2011; Gezari et al.,
2012; Arcavi et al., 2014; Vinko´ et al., 2015; Holoien et al., 2016). Looking
into the future, the optical-UV TDE sample size will increase by a factor
of 10–100 given the unprecedented volume survey speed of ZTF and LSST
(e.g., van Velzen et al., 2018), and the eROSITA all-sky survey is expected
to discover a few thousand TDEs in the soft X-ray band (Khabibullin et al.,
2014).
The hydrodynamics of TDEs is complex and not fully understood (see,
e.g., Stone et al., 2018, for a recent review). Initially, the star approaches
the SMBH in a parabolic orbit (see Figure 1). At the tidal radius rt =
r?(MBH/M?)
1/3 ' 7 × 1012r?,(MBH,6/M?,)1/3 (where the suffixes BH and ?
indicate the SMBH and the disrupted star respectively), the star is shredded
by the BH’s tidal forces. About half of the stellar debris are in highly ec-
centric bound orbits falling back on timescales of ∼ months (for a solar-like
main-sequence star), and the other half is ejected back to infinity. Numerical
simulations show that the fallback stream dissipates its kinetic energy due
to self-crossing shocks, which eventually lead to the formation of an accre-
tion disk with a typical size ∼ rt (Shiokawa et al., 2015; Bonnerot et al.,
2016). The temperature of the accreting material is expected to be ∼ a few
times 105 K, so the expected peak frequency should fall in the undetectable
EUV band (Ulmer, 1999; Strubbe & Quataert, 2009; Lodato & Rossi, 2011).
This may cause the majority of the radiative energy to be missing by current
observations (Lu & Kumar, 2018).
Since the typical fallback rate stays super-Eddington for ∼ a year (e.g.,
1 https://tde.space/ presents an up to date catalog of observed TDEs
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Figure 1: The star was initially in a parabolic orbit (orange curve). After the tidal dis-
ruption, the bound materials are in highly eccentric elliptical orbits of different semimajor
axes (red curves) but have nearly the same apsidal precession angle per orbital cycle. Ma-
terials in their second orbits (blue curves) collide with what is still in the first orbit. A
fraction of the shocked gas may be ejected to infinity and the rest stays bound and form
an accretion disk around the SMBH. The subject of this Chapter is on the relativistic jets
launched by the accretion disk.
Guillochon & Ramirez-Ruiz, 2013, and references therein), radiation driven
outflows or jets could be associated to the accretion process (e.g., Gian-
nios & Metzger, 2011; De Colle et al., 2012). Since 2011, three jetted TDE
candidates were discovered by γ-ray triggers from the Neil Gehrels Swift Ob-
servatory. The extremely bright and variable γ/X-ray emission requires a
strongly anisotropic radiation pattern generated by a relativistic jet pointing
towards the observer (e.g., Bloom et al., 2011; Burrows et al., 2011; Zaud-
erer et al., 2011; Cenko et al., 2012; Brown et al., 2015). Radio to mm-band
afterglow emission follows the prompt γ/X-rays as the jet interacts with and
is decelerated by the surrounding medium on timescales of months to years.
Additionally, a few other TDE candidates have outflows or (off-axis) jets in-
ferred from their radio afterglow (e.g., Alexander et al., 2016; van Velzen et
al., 2016a; Alexander et al., 2017; Saxton et al., 2017; Mattila et al., 2018).
Jetted TDEs are an ideal testbed to study the jet physics. The three
major puzzles of relativistic jets are: the jet launching process (what pa-
rameters control the on-and-off switch), the jet emission mechanism (what
mechanisms convert the jet power into X/γ-ray radiation at high efficiency),
and the jet composition (the energy fraction carried by baryons, leptons, and
3
Name year z X-rays?
Swift J164449.3+573451 2011/2011 0.3543 non-thermal On-axis jet
Swift J2058.4+0516 2011/2012 1.1853 non-thermal On-axis jet
Swift J1112.2-8238 2011/2015 0.89 non-thermal On-axis jet
Arp 299-B AT1 2005/2018 0.0103 - Off-axis jet
ASASSN-14li 2014/2016 0.0206 thermal Non-rel. outflow
XMMSL1 J0740-85 2014/2017 0.0173 thermal Non-rel. outflow
IGR J1258+0134 2011/2015 0.0033 non-thermal AGN?
Table 1: Candidate jet and/or outflows discovered so far. The columns indicate the year
of the event/publication, the redshift, the presence of hard/soft X-rays and the possible
interpretation of the observations (the references are reported in the text).
magnetic fields). As will be shown in this Chapter, jetted TDEs may pro-
vide answers to all three questions, thanks to the reasonably well-estimated
accretion rate and total energy budget.
In addition, while AGN jets persist for long enough to dig a hole through
the galaxy, TDE jets, created in otherwise quiescent galaxies, allow us to
study the poorly known environment of SMBHs by the afterglow associated
with the jet deceleration.
We present here a review of jets in TDEs. In section 2 we will describe
existing observations of TDE jet candidates, while in Section 3 we will de-
scribe the theoretical implications of these observations. In Section 4 we will
brief review existing studies of multi-messenger astrophysics with TDE jets,
and we will drive our conclusions in Section 5.
2. Observations
Seven candidate jet/outflows from TDEs have been observed so far (see
Table 1). Three of them have been discovered by Swift, one by INTEGRAL,
while in the other cases the presence of fast moving material is inferred
from radio emission. In this section, we briefly review existing observations.
We first focus on the Swift events (section 2.1), then on the others mainly
characterized by their non-thermal radio emission (section 2.2). Finally, we
discuss the implications of these observations on the rate of jets in TDEs
(section 2.3).
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2.1. Swift events
The jetted TDE candidate Swift J164449.3+573451 (hereafter SW1644)
was detected by the Swift Burst Alert Telescope (BAT) on 28 March 2011.
Shortly after the trigger, multi-wavelength observations were performed from
ground-based telescopes and from space observatories. Optical and near-IR
observations showed a counterpart consistent with the position of SW1644,
with Hβ and [OIII] emission lines corresponding to a redshift of z = 0.35
(Barres de Almeida & De Angelis, 2011; Bloom et al., 2011; Burrows et al.,
2011; Levan et al., 2011; Zauderer et al., 2011).
In the years after its discovery, SW1644 has been extensively observed
in radio (Zauderer et al., 2011; Berger et al., 2012; Zauderer et al., 2013;
Cendes et al., 2014; Yang et al., 2016; Wiersema et al., 2012; Eftekhari et
al., 2018), infrared/optical (Levan et al., 2016; Wiersema et al., 2012) and
X-rays (Saxton et al., 2012; Reis et al., 2012; Zauderer et al., 2013; Mangano
et al., 2016; Eftekhari et al., 2018; Levan et al., 2016). Upper limits were
also provided by VERITAS (Aliu et al., 2011), MAGIC (Aleksic´ et al., 2013)
and Fermi LAT (Omodei et al., 2011; Peng et al., 2016) above ∼ 50 MeV.
The spatial coincidence between the radio emission and the center of the
associated galaxy (within 150 pc, see Zauderer et al. 2011), and the decay
of the X-ray flux as ∼ t−5/3 were strong indications of the association with a
TDE (but see Quataert & Kasen, 2012, for a different interpretation).
The X-ray light curve (see Figure 2) is unlike any other X-ray transient
discovered previously. During the first two weeks, it presented a series of
flares with fluxes varying from ∼ 1045 to ∼ 1048 erg s−1 on timescales & 100 s
(Bloom et al., 2011; Burrows et al., 2011). The peak X-ray luminosity is a
factor of ∼ 104 higher than the Eddington luminosity LEdd of a 106M BH.
The shortest flux-doubling time (in the host-galaxy rest frame) is a factor of
∼ 6 shorter than the redshifted period of the innermost stable circular orbit
(ISCO) for a non-spinning 106M BH. Variability on even shorter timescales
is possible but not well constrained due to low photon statistics.
The total isotropic energy radiated in the X-ray band is EX ∼ 5×1053 erg
(Burrows et al., 2011). This is similar to the isotropic energy of a typical
gamma-ray burst (GRB), but emitted during a much larger timescale ∼ 106 s
(vs. . 104 s even for ultra-long GRBs, see Levan et al. 2014). If one (con-
servatively) accounts for bolometric correction of a factor of ηbol ∼ 1/3 and
radiative efficiency of another factor of ηrad ∼ 1/3, then the total isotropic
energy of the jet is Ej ∼ 5× 1054/(10 ηbolηrad) erg. Comparing this with the
total kinetic energy indicated by the late-time radio afterglow EK ∼ 1053 erg
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Figure 2: X-ray lightcurves for the two jetted TDEs SW1644 (blue, green and cyan are
from Swift XRT PC mode, XRT WT mode, and Chandra) and SW2058 (red).
(see discussion in §3.2), we see that the jet must have a small beaming factor
fb ≡ Ωj/4pi . 0.02 (only a fraction of EK comes from the X-ray emitting jet).
This, along with the rapid variability and hyper-Eddington X-ray luminosity,
supports the picture of a relativistic jet pointing towards the observer like
the case of blazars.
During the following months the X-ray emission dropped roughly as t−5/3
(but see Mangano et al. 2016, who found the data being more consistent
with a slightly shallower t−1.5 decay). Up to ∼ 100 days after the trigger,
it still presented flares with flux increasing by an order of magnitude, then
it entered into a plateau phase without strong flares until t ∼ 1 yr. At
∼ 500 days, the flux dramatically drops by a factor of 100 becoming barely
detectable by Swift (Zauderer et al., 2013; Mangano et al., 2016). This also
corresponds to the time when the mass fallback rate became smaller than
the Eddington accretion rate ∼ 10LEdd/c2 for a ∼ 106 M BH, indicating
a relation between super-Eddington accretion and jet ejection (see, e.g. De
Colle et al., 2012; Tchekhovskoy et al., 2014). Later observations (up to
t ∼ 7 yr) showed a faint persistent X-ray source consistent with emission
from the forward shock (Eftekhari et al., 2018). Alternatively, this emission
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could be due to the Compton echo of X-ray photons of the transient source
on surrounding electrons (Cheng et al., 2016) or to a low-luminosity AGN
activity from the source (Levan et al., 2016).
Some periodicity has been detected in the X-ray lightcurve. Extended
observations by the Suzaku and XMM-Newton observatories showed a quasi-
periodic oscillation (QPO) of about ∼ 200 s, possibly corresponding to the
keplerian frequency at the innermost stable circular orbit (ISCO) of a BH
with a mass in the range 4.5 × 105–5 × 106 M (for a non-rotating and
maximumly rotating BH respectively, Reis et al., 2012). Abramowicz &
Liu (2012), on the other hand, interpreted this QPO as due to an epicyclic
frequency in the accretion disk, and in this case the BH mass is ∼ 105M
(which allows the disruption of a white dwarf, as argued by Krolik & Piran
2011).
Saxton et al. (2012) found that the low-flux states in the lightcurve are
separated in several cases by 2.2× 105 s (or multiples of this period). They
interpreted it as evidence of jet precession, with flares/dips determined by the
jet orientation with respect to the line of sight. This timescale is consistent
with the Lense-Thirring precession period of a ring at radius ∼ 20 rg (or
10 rg) from a BH of mass 10
6M (or 107M), where rg = GM/c2 is the
gravitational radius. This is also consistent with the source being harder
when brighter. On the other hand, Stone & Loeb (2012) and Tchekhovskoy
et al. (2014) pointed out that, for a narrowly beamed precessing jet with a
large misalignment, the observer line of sight is only in the beaming cone
for a very small fraction of the time θj/2pi ∼ 10−2 (for a beaming angle
θj ∼ 0.1 rad). Thus, the persistent X-ray emission indicates that the jet is
always very nearly aligned with our line of sight, perhaps due to the alignment
torque by the magnetic flux accumulated on the BH (Tchekhovskoy et al.,
2014).
Unlike the fading X-ray emission, the radio flux from SW1644 continued
to rise for hundred of days before dropping (see Figure 3). The different
behaviour with respect to the X-ray emission and the lack of strong variabil-
ity in radio imply that the two components are likely produced at different
locations.
A variety of physical parameters of the system can be inferred from mod-
elling the radio emission, including the shock kinetic energy, shock Lorentz
factor, the density stratification of the surrounding medium, and magnetic
fields in the shocked region (Zauderer et al., 2011; Metzger et al., 2012; Berger
et al., 2012; Cao & Wang, 2012; Barniol Duran & Piran, 2013; Zauderer et
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al., 2013; Mimica et al., 2015; Eftekhari et al., 2018). Although the VLBI
Network did not resolve the radio emission region within the first 3 yrs (con-
straining the transverse size < 2 pc at 3σ), a statistical astrometric precision
of 12µas (1σ) was obtained, which constrains the apparent proper motion
< 0.3c at 3σ (Yang et al., 2016). This is consistent with the picture that
the observer is near the jet axis (to within a few degrees) and that the blast
wave has slowed down to non-relativistic speeds within a few hundred days.
In Section 3.2, we provide a simple discussion on modeling the radio emission
at late time when the shock has decelerated to non-relativistic speeds.
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Figure 3: Radio lightcurves of the jetted TDE SW1644 at 1.4, 4.9, 15.4 and 24.4 GHz.
Observations were done by VLA and are taken from Berger et al. (2012); Zauderer et al.
(2013); Eftekhari et al. (2018).
In addition to SW1644, non-thermal X-ray emission has been detected by
Swift in other two TDE jet candidates: Swift J2058.4+0516 (SW2058 here-
after, Cenko et al. 2012) and Swift J1112.28238 (SW1112 hereafter, Brown et
al. 2015; Kawamuro et al. 2016). These events share many of the character-
istics of SW1644: X-ray emission lasting for a month or longer; a power-law
decay in the X-ray flux; nearly flat optical-to-X-ray spectral slope βOX ∼ 0.1
at t ∼ 10 days; bright radio emission lasting for 3 yrs or longer (late-time
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radio fluxes for SW2058 and SW1112 are reported by Brown et al., 2017).
SW2058, fainter than SW1644 due to the greater redshift (z = 1.19), showed
a decline in the X-ray emission as ∼ t−2.2 (steeper than that for SW1644)
and large variability (Cenko et al., 2012). The SW1112 X-ray emission, on
the other hand, declined as t−1.1 with large variability as well (Brown et
al., 2017). As in SW1644, SW2058 (see Figure 2) showed a sharp drop-off
in X-ray flux after a few hundred days (Pasham et al., 2015), roughly co-
incident to the expected transition from super-Eddington to sub-Eddington
accretion. Due to sparse time sampling, it is unclear whether SW1112 had a
rapid X-ray drop on a similar timescale.
2.2. Other radio jets/outflows
In addition to the Swift events, four TDE candidates with radio jets/out-
flows have been discovered so far:
ASASSN-14li is a very close-by (90 Mpc) TDE candidate discovered by
the All Sky Automated Survey for Supernovae (Holoien et al., 2016; Brown et
al., 2017). Radio emission from this source was first detected by van Velzen
et al. (2016a) at 1.4 GHz with the the Westerbork Synthesis Radio Telescope
and at 15.7 GHz with the Arcminute Microkelvin Imager (AMI), and then in
several radio frequencies by Alexander et al. (2016) and Bright et al. (2018)
using the Very Large Array (VLA) and AMI.
The radio emission shows a characteristic synchrotron self-absorption be-
haviour at low frequencies (Fν ∝ ν5/2) and an optically-thin synchrotron
emission at high frequencies (∼ ν−1). This behaviour is typically observed
in, e.g., radio supernovae and differs from the synchrotron emission from
relativistic shocks as the characteristic frequency νm (corresponding to the
minimum Lorentz factor γm of the shock-accelerated electrons) is below the
self-absorption frequency νa. Alexander et al. (2016) modeled the observa-
tions as due to the forward shock generated by a non-relativistic outflow with
kinetic energy of 1047–1048 erg and velocity ∼0.1 c. Under the assumption
of equipartition between the energy of non-thermal electrons and magnetic
fields (Barniol Duran & Piran, 2013), they also inferred that the density
profile in the environment within ∼0.01 pc from the SMBH is stratified as
ρ(r) ∝ r−2.5. Alexander et al. (2016) also pointed out that the unbound
debris (about half of the star is ejected at high speeds) typically has a solid
angle too small to explain the observations, unless its interaction with the
environment forms an extended bow shock with much larger emitting area
(Krolik et al., 2016).
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Pasham & van Velzen (2018) argued that the radio emission is generated
internally within an expanding, non-relativistic collimated outflow, based on
the discovery of a cross-correlation between the soft X-ray and radio vari-
ability with a delay of ∼12 days. The size of the synchrotron emitting region
(or the “synchrotron photosphere”) is directly given by the self-absorption
frequency νa and the flux Fνa (see discussion in Section 3.2). Taking the delay
as the time it takes for the outflow to expand to the size of the “synchrotron
photosphere”, Pasham & van Velzen (2018) obtained an outflow speed of
∼0.3–0.6c. Observation of an O VIII absorption feature at blue-shifted ve-
locity of 0.2c supports this picture (Kara et al., 2018).
The radio emission from ASASSN-14li was resolved by observations by
Romero-Can˜izales et al. (2016) employing the European Very Long Baseline
Interferometry Network (EVN) 200 days after the discovery, showing two
spatially separated components connected by faint diffuse emission. The
peaks of the two components are separated by a projected distance of 1.9 pc.
The brighter, core-like component contributes the majority of the radio flux
and is unresolved with size . 1 pc. If the fainter elongated component is
a jet, then the separation would require superluminal motion at apparent
speed 7.4–7.8c and observer’s viewing angle less than ∼15o. This scenario is
unlikely because, given the low kinetic energy inferred from the radio flux,
the jet should have already decelerated before traveling a physical distance of
& 7 pc. Romero-Can˜izales et al. (2016) prefer the scenario that the elongated
component is from a non-relativistic outflow ejected & 100 years ago by
historic AGN or TDE activities. An alternative explanation is a binary
SMBH.
Despite the debate on the detailed morphology of the radio emission re-
gion, the main message from observations of ASASSN-14li is that TDEs can
launch non-relativistic outflows. They may come from the tidal unbound
debris (Krolik et al., 2016), the stream self-intersection shocks (Jiang et al.,
2016a), and the accretion disk wind (Strubbe & Quataert, 2009).
XMMSL1 J0740-85 is another close-by TDE candidate (75 Mpc) which
showed radio spectra consistent with optically thin synchrotron emission
(Saxton et al., 2017; Alexander et al., 2017). Its emission (∼ 2–3 yrs af-
ter the disruption) is somewhat similar to that from ASASSN-14li and is
several orders of magnitude fainter than SW1644 at similar epochs. Due
to lack of low-frequency observations, the self-absorption frequency νa (cor-
responding to the peak frequency) was not well measured, which makes it
difficult to obtain the total kinetic energy and expansion speed. Adopting an
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equipartition analysis, Alexander et al. (2017) constrained the kinetic energy
to be in the range 5× 1049–4× 1051 erg and the ambient medium density to
be in the range 0.03–7× 104 cm−3 (assuming a constant density medium).
Arp 299-B AT1. Mattila et al. (2018) presented observations of a spa-
tially resolved jet structure associated with a bright infrared flare in the nu-
cleus of the Arp 299 galaxy (at 44.8 Mpc), which is a dusty luminous infrared
galaxy (LIRG) undergoing a major merger. The flare radiated 1.5× 1052 erg
of energy in the near-infrared (even without bolometric correction), and the
SED is consistent with the thermal emission from circum-nuclear dust heated
to T ∼ 103 K by the UV-optical emission from a TDE (Lu et al., 2016; Jiang
et al., 2016b; van Velzen et al., 2016b; Wang et al., 2018). Due to the large
dust column (AV ∼ 460 mag), the source was not detectable in the optical
or soft X-ray bands. The radio flux at 8.5 GHz increased in the first few
hundred days and then steadily declined in the subsequent observations over
10 yrs. VLBI observations showed that the source was initially compact and
then gradually developed a one-sided jet structure moving at an averaged
apparent transverse speed of 0.25c (Mattila et al., 2018). Non-detection of
a counter-jet constrains the observer viewing angle to be ∼ 30o from the jet
axis, provided that the emission from the counter-jet is not absorbed by the
dense circum-nuclear medium. Mattila et al. (2018) also provided a hydro-
dynamic modeling of the apparent motion and the radio SED and found that
the data can be fitted with a relativistic jet with kinetic energy of ∼1051 erg.
IGR J12580+0134 was discovered as a hard X-ray flare by INTEGRAL
at the center of the close-by (17 Mpc) Seyfert 2 galaxy NGC 4845 (Niko lajuk
& Walter, 2013). Rapid rise in the soft X-ray flux and then a gradual de-
cay were detected by XMM-Newton, Swift and MAXI (Niko lajuk & Walter,
2013; Kawamuro et al., 2016), with total radiated energy of ∼1049 erg (or
1050 erg for a bolometric correction factor of 10). Radio (Irwin et al., 2015;
Lei et al., 2016) and millimetre emission (Yuan et al., 2016a) were detected
and interpreted by these authors as generated by an off-axis relativistic jet
(ejected as the result of the tidal disruption of a star with a mass of 8-40
Jupiter) interacting with the surrounding medium. However, as discussed
by Auchettl et al. (2017), persistent radio emission was detected from this
source before the X-ray flare and showed large amplitude variability histor-
ically indicating that this source presents AGN activity. Late-time VLBI
observations show an extended disk-like structure with a projected length
of ∼ 3 pc, which may be related to nuclear star formation (Perlman et al.,
2017). Another resolved source at a projected distance of 4.1 pc is likely
11
unrelated to this flare (Perlman et al., 2017).
2.3. What fraction of TDEs have relativistic jets?
In this subsection, we conservatively estimate the jet fraction for TDEs
fj, with the goal of understanding what parameters control the on-and-off
switch for jet launching. Our conclusion is that this fraction is so-far only
weakly constrained to be 3× 10−3 . fj < 1.
Swift detected only three events in ∼10 yrs, which implies2 a rate ∼
3 × 10−11 Mpc−3 yr−1 (Burrows et al., 2011; Brown et al., 2015). In Section
3.2, we show that the γ-ray beaming factor for SW1644 is of order fb ∼ 0.01.
Taking a total TDE rate of order 10−6 Mpc−3 yr−1 (van Velzen, 2018), we
obtain the jet fraction fj ∼ 3 × 10−3(fb/0.01)−1. We also note the selection
bias of Swift against relatively faint, long transients such as ultra-long GRBs
and jetted TDEs (they are less likely to trigger BAT, see Levan et al., 2014).
For instance, the discovery of SW2058 and SW1112 were made possible by
four-day integration of the γ-ray flux (Cenko et al., 2012; Brown et al., 2015).
Jetted TDEs with a slightly softer high-energy spectrum or shorted peak
duration may fail to reach the significance for triggering and hence have been
missed. Currently, it is difficult to quantify the incompleteness correction
without a larger sample of SW1644-like events. Nevertheless, this correction
factor will increase the jet fraction of TDEs, and hence fj & 3× 10−3.
For a relativistic source, the flux for an off-axis observer is suppressed by
a factor of (Γθobs)
−6 compared to the on-axis flux, where Γ is the Lorentz
factor of the source and θobs is the observer’s viewing angle (e.g. Granot et
al., 2002). Off-axis jets from TDEs, which should dominate the population
of existing events, are then much fainter in hard X-rays/γ-rays.
On the other hand, when the jet decelerates to non-relativistic speeds on
a timescale of ∼1 yr, the radio emission from the forward shock should be
roughly isotropic. Thus, the radio flux from the off-axis cousins of SW1644
should be at the level of 1–10 mJy a few years after the discovery (Giannios
& Metzger, 2011). Several authors have looked for radio emission from TDEs
(e.g., Grupe et al., 1999; Komossa, 2002; Saxton et al., 2012; Bower et al.,
2013; van Velzen et al., 2013; Chornock et al., 2014; Blagorodnova et al.,
2017; Mattila et al., 2018) and only in one or two cases (Bower et al., 2013;
2The peculiar fact that all three events were discovered in a period of three months in
2011 seems to be due to a statistical fluke (Brown et al., 2017).
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Mattila et al., 2018) there is evidence of off-axis relativistic jets. At face
value, this implies that only a few percent TDEs produce relativistic jets.
However, the flux at a given radio frequency for an off-axis observer depends
sensitively on the unknown circum-nuclear medium density profile, magnetic
field strength, and the angular structure of the jet. The surveys by Bower et
al. (2013) and van Velzen et al. (2013) typically only had single-epoch upper
limits at one or two frequencies, so the existence of relativistic jets, especially
somewhat weaker ones than that in SW1644, cannot be confidently ruled out.
For instance, Generozov et al. (2017) explored a wide range of circum-nuclear
densities and used these radio upper limits to constrain the kinetic energy of
possible relativistic jets to be Ek . 1052–1053 erg.
The constraints are stronger for very nearby TDEs with multi-epoch
follow-up observations. For instance, the radio afterglow from ASASSN-
14li suggests a non-relativistic outflow of kinetic energy of order ∼1048 erg.
XMMSL1 (Alexander et al., 2017) showed similar properties as ASASSN-14li
and iPTF16fnl (Blagorodnova et al., 2017) had slightly more stringent radio
upper limits. Thus, we conclude that the jet fraction for TDEs is larger than
3× 10−3 but not universal, which implies that super-Eddington accretion3 is
not a sufficient condition for launching relativistic jets.
We conclude this subsection by noting that TDEs seem to launch two
different categories of outflows: collimated relativistic jets with Lorentz factor
Γ ∼ a few–10 (the Swift events and perhaps Arp 299-B AT1); and non-
relativistic outflows (ASASSN-14li and possibly many other TDEs). This
dichotomy is somehow similar to that between SNe and GRBs (see, e.g., figure
6 of Alexander et al. 2016), where a large fraction of events produce non-
relativistic flows while relativistic jets are rare. Currently, it is unclear what
mechanisms regulate the generation of relativistic jets vs. non-relativistic
outflows. Extensive radio follow-up studies of a sample of nearby TDEs
should provide an answer to this question.
3. Models
In this section we will briefly review the dynamics of TDE jets (§3.1) and
the radiative processes responsible for the observed non-thermal radio (§3.2)
3The peak accretion rate during a TDE is typically larger (by several orders of mag-
nitude) than the Eddington limit (e.g., Guillochon & Ramirez-Ruiz 2013; Lu & Kumar
2018).
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and X-rays (§3.3) emission.
3.1. Jet dynamics
It has been proposed that efficient jet launching can be achieved in the
presence of a large magnetic flux threading a rapidly spinning BH (e.g.,
Blandford & Znajek, 1977; Tchekhovskoy et al., 2011). In terms of TDE
jets, Tchekhovskoy et al. (2014) showed that a strong poloidal magnetic field
is needed to explain observations of the SW1644 event, and that the large
flares observed in X-rays in SW1644 are generated by the jet wobbling vi-
olently before rearranging itself into a “magnetically arrested disk” state.
Curd & Narayan (2019) presented general relativistic radiation MHD simu-
lations of accretion onto a BH during a TDE, showing that a strong poloidal
magnetic field and rapid BH spin are needed to reproduce the jet power in
SW1644. It is unclear whether large poloidal magnetic fields can be generated
by the turbulent dynamo inside the accretion flow or it requires preexisting
net poloidal magnetic flux in the infalling matter (e.g. the disrupted star,
Guillochon & McCourt, 2017; Bonnerot et al., 2017). Kelley et al. (2014)
showed that the magnetic flux in a fossil disk (due to pre-TDE AGN ac-
tivity) can be dragged to near the BH by the fallback stream. More recent
high-resolution (comparable to typical local shearing-box simulations) global
general relativistic MHD simulations show that turbulent dynamo can in-
deed generate poloidal magnetic flux in situ, even for the initial condition of
purely toroidal magnetic fields (Liska et al., 2018).
The dynamics of TDE jet propagation on large scales has been studied
both analytically (e.g., Giannios & Metzger, 2011; Metzger et al., 2012) and
numerically (De Colle et al., 2012; Mimica et al., 2015; Generozov et al., 2017)
and is briefly reviewed in this sub-section. As the plasma ejected from the
“central engine” (the BH-disk system) interacts with the ambient medium,
it forms a double-shock structure (the “working surface” or the “jet head”)
made by the forward shock, which heats and accelerates the ambient medium,
and the reverse shock, which is heating and decelerating the jet material.
We denote quantities in the unshocked fluid with subscript 1 and those
in the shocked fluid with subscript 2 (each in their comoving frame). The
Rankine-Hugoniot jump conditions give the post-shock density ρ2 = 4Γrelρ1
and pressure p2 = (4/3)(Γ
2
rel − 1)ρ1c2, where Γrel is the relative Lorentz
factor between the post-shock and pre-shock fluid and we have assumed the
pre-shock fluid to be cold (or pressureless). The double-shock structure is
connected by by a contact discontinuity which separates the shocked jet
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material and the shocked ambient medium. The pressure and velocity are
continuous across the contact discontinuity. If the inertia of the jet head
is negligible, i.e. if changes in parameters near the forward shock produce
instantaneous changes near the reverse shock, then the two shocked regions
have the same pressure and velocity (e.g., Sari & Piran, 1995; Uhm, 2011).
The relative Lorentz factor between the jet head and the unshocked jet is
γrel = ΓjΓh(1−βjβh) and the pressure of the jet head is ph = (4/3)(γ2rel−1)ρjc2,
where Γj is the jet Lorentz factor and ρj is the jet density. On the other hand,
the pressure of the jet head is also given by the jump conditions at the forward
shock ph = (4/3)(Γ
2
h−1)ρac2. Note that pressures and densities are measured
in the comoving frame of the local fluid. Thus, the velocity of the jet head
can be solved to be
vh =
vj
1 +
(
ρa/ρjΓ2j
)1/2 . (1)
Taking the density stratification of the ambient medium to be ρa =
ρ0(r/r0)
−k and the jet density to be ρj = Lj/(4pir2c3βjΓ2j ) (Lj being the
isotropic equivalent power for a conical jet), one can show that the jet head
velocity will increase/drop in regions in which the ambient medium drops
faster/slower than r2. Eq. 1 shows that the dynamics of the jet head is
mainly regulated by the jet kinetic luminosity Lj and the ambient density
ρa
4. In the following, we discuss how the dynamics of the jet propagation is
regulated by the injection history and density stratification of the ambient
medium.
Without a physical model of the jet launching process, it is difficult to
know the time-dependent jet luminosity from first principle. A simple pre-
scription is to take the jet luminosity to be a constant fraction (e.g. 10%) of
the well-known mass fallback rate (De Colle et al., 2012). Alternatively, if
the jet converts a constant fraction of its kinetic energy into X-rays as seen
in SW1644, then one can infer that the jet power was roughly constant for
a duration tj ∼ 10 days and then dropped as t−5/3. However, it is likely
that the Swift trigger was substantially delayed (by e.g. several weeks) with
respect to the initial jet launching (De Colle et al., 2012; Tchekhovskoy et
al., 2014).
4Other jet parameters (e.g., the angular energy distribution, the magnetic fields) have
not been considered in detail in the literature in the context of TDE jets. In particular,
pinch/kink instabilities due to the presence of dynamically important magnetic fields could
dramatically change this simple picture.
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The ambient medium structure within ∼1015 cm from the BH is shaped
by the TDE debris. The main processes are stream self-intersection, sec-
ondary shocks, and viscous accretion (Shiokawa et al., 2015; Jiang et al.,
2016a; Sa¸dowski et al., 2016), but it is currently too computationally ex-
pensive to perform global numerical simulations of TDEs. Loeb & Ulmer
(1997) described a simple constant entropy envelope supported by radia-
tion pressure gradient against gravity, with density profile given by ρa =
Menv/[4pir
3ln(rsca/rt)]. The inner boundary is given by the tidal radius
rt and the outer boundary is the electron scattering photosphere rsca ∼
1.5 × 1015 cm (Menv/0.5M)1/2. The jet propagating through such an en-
velope is strongly decelerated in that vh  vj, and the jet would cross this
region in tcross ∼ 1 day (Menv/0.5M)1/2(Lj/1048 erg s−1)−1/2. Numerical sim-
ulations by De Colle et al. (2012) show that the jet crosses the envelope
formed around a 107 M in ∼12 hrs.
Assuming an infinitely thin working surface, the rarefaction wave arrives
at the forward shock at a time t = vjtj/(vj − vh) ≈ (1 + βh)Γ2htj ' tj.
Thus, a jet may be hydrodynamically choked if the injection duration tj
is shorter than the crossing time tcross, so we obtain the choking condition to
be Lj . 1046 erg s−1 (Menv/0.5M)(tj/10 day)−2 (see also Wang & Liu, 2016).
Realistically, the envelope mass may be significantly less than 0.5M when
the jet launching starts. Late-time jet injection as seen in SW1644 Lj ∝ t−5/3
makes it (slightly) easier for the jet the punch through. Therefore, we see
that only the weakest jets may be hydrodynamically choked as it may occur
in e.g., GRBs. The majority of the relativistic jets in TDEs should be able
to propagate out to much larger distances, and the energy deposed by the
jet into a cocoon (Ec ∼ 1050 − 1051 erg) should quickly unbind the envelope.
Once the jets break out from the inner region shaped by the tidal debris,
it will accelerate to relativistic speed and propagate through the environ-
ment of the SMBH shaped by the winds of massive stars (see Figure 4). The
density distribution goes as ρ ∝ r−1.1 to r−1.5 depending on the SMBH mass
and the energy injection in the winds (Quataert, 2004; De Colle et al., 2012;
Generozov et al., 2017). In the outer regions (r & 1 pc) the density con-
verges to the r−2 wind profile. Once the rarefaction wave arrives to the head
jet, the impulsive jet/shell undergoes a coasting phase with constant veloc-
ity until enough mass ∼ Ej/Γ2j c2 has been swept up (Ej =
∫
Ljdt being the
isotropic equivalent energy). Then, the hydrodynamic structure approaches
the Blandford & McKee (1976) self-similar solution. When the shock deceler-
ates to a mildly relativistic Lorentz factor Γ ∼ 2, lateral expansion becomes
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Figure 4: Density stratification (in units of cm−3) of a relativistic jet propagating through
the region shaped by the interaction of stellar winds around a SMBH (Figure taken from
De Colle et al. 2012). On the right panel, the jet channel is partially filled once the jet
is switched-off after the accretion becomes sub-Eddington. At later times, the rarefaction
wave will arrive at the working surface and the reverse shock will disappear. When the
jet starts to decelerate significantly, the structure will then converge to the Blandford &
McKee (1976) solution. Each panel shows a 1017 cm scale bar on the upper left corner.
important and further deceleration to non-relativistic speeds occurs rapidly
(Granot & Piran, 2012). At very late time, greater than (Ek being the total
kinetic energy of the jet)
tNR ∼ 240
(
Ek
1053 erg
)1/3 ( n
100 cm−3
)−1/3
days. (2)
the jet will finally decelerate to non-relativistic speeds and spread laterally
into a roughly spherical shell.
3.2. The Radio Afterglow of SW1644
In this subsection, we do not attempt to include the full hydrodynamics
of the jet5 and possibly other ejecta components interacting with the spa-
tially non-uniform circum-nuclear medium (CNM). The early-time afterglow
5Numerical simulations by Mimica et al. 2015 showed that a “structured” jet, with
an inner core moving with a Lorentz factor of ∼ 10 and an outer sheath moving with a
Lorentz factor of ∼ 2 is consistent with radio observations of SW1644.
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may be affected by many processes, including relativistic beaming, multiple-
zone emission, jet angular structure (Mimica et al., 2015), external inverse-
Compton cooling (Kumar et al., 2013), etc. Our goal is to estimate the total
kinetic energy Ek injected into the CNM by looking at the late-time radio
data (see Figure 5). We follow the standard radio calorimetry method and
the result is of order of 1053 erg, as shown in Figure 6. Our calculations are
carried out in the host-galaxy rest frame.
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Figure 5: Late-time radio SEDs for SW1644 from ∼100 to 1000 days, taken from Eftekhari
et al. (2018). The black dashed line shows the high-frequency synchrotron spectrum for
a power-law distribution of electrons Fν ∝ ν(1−p)/2, and an electron power-law index of
p ≈ 2.5 reasonably agrees with the data.
The radio SEDs of SW1644 at all epochs clearly show self-absorption be-
low the characteristic frequency νa. Analogous to inferring the stellar radius
by measuring the luminosity and temperature of a star, the flux Fνa tells us
the surface area of “synchrotron photosphere” which is related to the expan-
sion history of the forward shock. At sufficiently late time (t & 100 days),
when the ejecta has decelerated to non-relativistic speeds, the forward shock
relaxes to the spherical Sedov Taylor self-similar solution. When the shock
is at radius r from the center of explosion, the specific luminosity at the
self-absorption frequency νa is given by
νaLνa ' 4pi2r2
2ν3akT
c2
, (3)
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Figure 6: Left Panel : Radio calorimetry measuring the total kinetic energy of the ejecta
Ek from SW1644. Different colors are for different magnetic energy fractions B = 10
−5
(red), 10−4 (blue), 10−3 (green). We keep the electron energy fraction e = 0.1 fixed. Right
Panel : Expansion speed of the shocked region β varying with time. The black dashed line
shows a power-law of β ∝ t−3/5, as expected for a Sedov-Taylor blast wave propagating
in a uniform medium.
where kT ' γamec2 is the temperature of electrons responsible for absorption,
γa be the Lorentz factor, and me is the electron mass. At time t, the emitting
radius r is related to the expansion speed βc by
r ' βct. (4)
The electron number density in the shocked region is denoted as nsh (which
is a factor of 4 higher than that in the pre-shock region), and the magnetic
field strength can be written as
B = (4piBβ
2nshmpc
2)1/2, (5)
where B  1 is the fraction of thermal energy density (e = β2nmpc2/2)
taken by magnetic fields, and mp is proton mass. The electron Lorentz
factor corresponding to synchrotron frequency νa is given by
γa =
(
4pimecνa
3eB
)1/2
, (6)
where e is electron charge. We assume electrons are accelerated by the shock
into a relativistic power-law distribution dn/dγ = (p − 1)frelnshγp−1m γ−p for
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γ > γm, and the minimum Lorentz factor γm and the fraction of electrons
accelerated to relativistic speeds frel are given by
γm = max
[
1,
β2
2
p− 2
p− 1
emp
me
]
, frel = min
[
1,
β2
2
p− 2
p− 1
emp
me
]
, (7)
where e  1 is the fraction of thermal energy taken by the accelerated
electrons. Note that we have accounted for the deep Newtonian case where
only a fraction frel < 1 of the shocked electrons have relativistic energies.
The characteristic synchrotron frequency of electrons at γm is denoted as
νm. The late-time radio SED indicates νa > νm and hence γa > γm. The
radiation intensity at νa is related to the number of electrons with Lorentz
factor near γa in the following way
2ν2akT
c2
' 2ν2aγame '
1
4pi
e3B
mec2
(
γ
dn′
dγ
)∣∣∣∣
γa
∆`r, (8)
where ∆`r ' r/10 is the radial thickness of the emitting region.
Therefore, we have six equations (3–8) for six unknowns β, r, nsh, B, γa, γm,
provided the shock microphysics parameters e and B are taken from other
independent studies (of e.g. GRB afterglows Kumar & Zhang, 2015). The
electron power-law index is directly obtained to be p ≈ 2.5 from the high-
frequency radio SED which goes as Fν ∝ ν(1−p)/2 (in the slow cooling regime
Granot & Sari, 2002). The observables are expressed conveniently in the
following way: νaLνa = 10
42La,42 erg s
−1, t = 300t300/(1 + z) days, νa =
10νa,10(1 + z) GHz. Taking z = 0.354 for SW1644, the final solution is
β ' 0.39 −0.08e,−1 0.05B,−3
L0.45a,42
t0.95300 ν
1.40
a,10
,
r ' (5.7× 1017 cm) βt300,
nsh ' (2.9× 104 cm−3) −0.47e,−1 −0.68B,−3
t2.3300ν
5.6
a,10
L1.32a,42
,
B ' (4.3× 10−3 G) 1/2B,−3βn1/2sh ,
γa ' 17.0 La,42
β2t2300ν
2
a,10
,
γm ' 30.6 e,−1β2.
(9)
We note that the above formalism only applies to non-relativistic shocks
where all electrons are accelerated to relativistic energies, i.e. β2  1 and
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γm & 2. Therefore, we should only use the radio data for intermediate
timescales ∼100–1000 days, taken from Eftekhari et al. (2018). Instead of
carrying out SED fitting, we simply take the peak frequency to be νa and
the peak flux density to be Fνa at each epoch, affording an order unity error.
After solving all the variables, the total kinetic plus thermal energy in the
shocked region is given by
Ek ' 4pir2∆`rβ
2
2
nshmpc
2 ' (5.0× 1052 erg) −0.87e,−1 −0.42B,−3
t0.58300 L
0.92
a,42
ν1.34a,10
. (10)
The electron energy fraction e ∼ 0.1 is fairly well established, but the un-
certainty on the magnetic energy fraction B may be up to a few orders of
magnitude. Thus, we consider three different values B = 10
−5, 10−4, 10−3
in Figure 6, and the total kinetic energy is constrained to be ∼ 1053 erg, in
agreement with Barniol Duran & Piran (2013).
3.3. The X-ray Emission Mechanism
In this subsection, we discuss the possible mechanisms for generating the
extremely bright X-ray emission from jetted TDEs. We focus on SW1644
due to its rich set of data (or flux limits) from radio to TeV bands. For
convenience, frequency and time are measured in the host-galaxy rest frame.
The X-ray emission has averaged isotropic luminosity LX ∼ 1047 erg s−1
in the first 10 days and then declines roughly as t−5/3 until a sudden drop
into a plateau at about t = 370 days (in the host-galaxy frame). The X-ray
spectrum in the 0.3(1 + z)–10(1 + z) keV range is a power-law Fν ∝ ν−α
with spectral index α ' 0.8 at early time (1–2 months), and then it hardens
to α ' 0.5 at ∼100 days. The early-time spectrum extends to at least
50(1 + z) keV without a break (Levan et al., 2011; Burrows et al., 2011),
which means most radiation energy is released at even higher frequencies.
In the high-energy gamma-ray band (0.1(1 + z)–10(1 + z) GeV), Fermi
LAT provides stringent constraints on the jet gamma-ray luminosity6, i.e.
LLAT < 1×1046 erg s−1 within the first day, < 3×1045 erg s−1 within the first
8.5 days, and < 5×1044 erg s−1 within the first 85 days (Peng et al., 2016). In
the very-high-energy gamma-ray band (0.1–1 TeV), MAGIC provided con-
straints νLν(0.14(1 + z) TeV) < 5 × 1045 erg s−1, νLν(0.32(1 + z) TeV) <
1.6× 1045 erg s−1, νLν(0.65(1 + z) TeV) < 4× 1044 erg s−1 within the first 13
6Similar constraints have been put on SW2058 and SW1112 as well (Peng et al., 2016).
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Figure 7: Comparison between the SEDs of jetted TDEs with the blazar sequence from
Ghisellini et al. (2017), which considers a larger sample with more complete multi-
wavelength data than the original version by Fossati et al. (1998). The Swift BAT gamma-
ray flux at 50(1 + z) keV for SW1644 has large uncertainties due to low photon statistics
(Burrows et al., 2011; Levan et al., 2011). The near-infrared flux at ∼ 1014 Hz for SW1644
suffers large dust extinction, and the green squares show the corrected fluxes assuming
AV = 4.5 mag. The most important two differences are the lack of emission in the near-
infrared band (∼ 1014 Hz) and high energies & 0.1 GeV (& 3× 1022 Hz) in jetted TDEs.
days (Aleksic´ et al., 2013). The limits from VERITAS (Aliu et al., 2011) are
similar to those of MAGIC.
In figure 7 we compare the broad-band SEDs of SW1644 and SW2058
in the first ∼ 10 days with the blazar sequence by Ghisellini et al. (2017).
Two important differences can be noticed: (1) SW1644 and SW2058 have
exceptionally low ratios L(> 0.1 GeV)/LX . a few percent, while for blazars
this ratio is typically of order unity. (2) The strong infrared (IR) emission
typically seen from blazars is missing in SW1644 and SW2058. For SW1644,
the K-band (rest-frame frequency 1.8×1014 Hz) luminosity is νLν(K-band) '
2×1043 erg s−1 between 3 and 30 days (Levan et al., 2016). Since dust extinc-
tion is weak at K-band, the IR-to-X-ray luminosity ratio is L(K-band)/LX .
10−4. These two differences are interesting and mysterious. They may pro-
vide some clue on the composition and radiation mechanism for relativistic
astrophysical jets in general, if TDE jets are representative of the entire
family.
In the following analysis, we take a quasi-steady jet with bulk Lorentz
factor Γ = 10Γ1 and isotropic luminosity Lj = 10
48Lj,48 erg s
−1. The opening
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angle of the jet is assumed to be close to or larger than Γ−1, so the boundary
in the transverse direction is not important (due to de-beaming). We assume
a fraction ξB of the total jet luminosity is in the form of Poynting power,
LB = ξBLj. The jet magnetization parameter σ is defined as the ratio between
the Poynting flux and particles’ kinetic flux carried by the jet, so we have ξB =
σ/(1+σ). The X-ray flux and spectrum for SW1644 were highly variable and
strongly affected by neutral hydrogen absorption. We take a single power-law
Lν ∝ ν−0.8 representative of the early-time (. 10 d) overall behavior (Saxton
et al., 2012). The total isotropic luminosity in the 0.3(1 + z)–10(1 + z) keV
band is denoted as LX ≡
∫ 10(1+z)
0.3(1+z)
Lνdν = 10
47LX,47 erg s
−1, and the inverse
relation is νLν = 2.36× 1046 erg s−1 ν0.2keVLX,47.
In the following, we consider three popular radiation mechanisms for the
X-ray emission: synchrotron, synchrotron self-Compton (SSC), and external
inverse-Compton (EIC). The discussion in this section mainly follows Crum-
ley et al. (2016). All quantities in the jet comoving frame are denoted with
a prime (′), and quantities without a prime are measured in the rest-frame
of the BH (or host galaxy).
3.3.1. Synchrotron Model
At a distance r = 1014r14 cm from the BH, the magnetic field strength in
the jet comoving frame is
B′ =
(
2ξBLj
Γ2r2c
)1/2
' 8.2× 103 G(Lj,48ξB)
1/2
r14Γ1
. (11)
The typical Lorentz factor of electrons radiating at hν = νkeV keV frequency
is given by
γ′(ν) =
(
4pimecν
3ΓeB′
)1/2
' 7.6×102
(
νkeV
B′4Γ1
)1/2
' 8.4×102 (νkeVr14)
1/2
(Lj,48ξB)1/4
. (12)
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The number of radiating electrons (or positrons) is directly given by the
specific luminosity7,
γ′
dN
γ′
' Lν
Γ
mec
2
e3B′
' 7.3× 1045 ν−0.8keV
LX,47
B′4Γ1
' 6.7× 1045 γ′−1.63
LX,47r
1.8
14
(Lj,48ξB)0.9
,
(13)
where we have made use of eqs. (11) and (12) in the second row.
The kinetic energy carried by the X-ray emitting electrons is
Ee ' Γγ′mec2γ′dN
γ′
' 6.1× 1043 erg LX,47r
3/2
14 Γ1
ν0.3keV(Lj,48ξB)
3/4
, (14)
which is many orders of magnitude smaller than the X-ray energy radiated
over a dynamical time. Thus, the radiating electrons are cooling off rapidly.
This can also be seen by comparing their synchrotron cooling time with the
dynamical time
t′c
t′dy
' 6pimec
2
σTcB′2γ′
Γc
r
' 4.2× 10−5 r
1/2
14 Γ
3
1
ν
1/2
keV(Lj,48ξB)
3/4
. (15)
However, there must be a mechanism preventing the accumulation of elec-
trons with γ′  103, because otherwise the near-infrared (K-band) flux will
be over-produced. This argument applies to both SW1644 and SW2058.
For the latter where dust extinction is weak, an extension of the X-ray flux
according to the characteristic synchrotron power-law Lν ∝ ν1/3 to the near-
infrared band is only a factor of 2 below the observed flux (see the red dotted
line in Figure 7). A possible mechanism preventing electrons’ cooling is pro-
posed by Kumar & Crumley (2015) in the context of Poynting-dominated jet
with σ  1 and ξB ≈ 1. According to their model, the radiating electrons
are re-accelerated and confined within magnetic reconnection regions (cur-
rent sheets). At a given moment, the volume occupation fraction of active
reconnection regions is roughly given by
fV ∼ σEe
EB
' 3.7× 10−6σ ηX,−1r
1/2
14 Γ
3
1
ν0.3keVL
3/4
j,48
, (16)
7It can be shown that synchrotron self-absorption by these electrons is negligible in the
near-infrared, optical, and X-ray bands.
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where EB ≈ Ljr/(2Γ2c) is the total magnetic energy within the causally con-
nected region and we have used the X-ray radiation efficiency ηX = LX/Lj =
0.1ηX,−1. We note that a small instantaneous volume filling fraction fV  1
does not necessarily mean a small overall radiative efficiency, because the
reconnection regions may move around due to turbulence and hence sweep a
much larger volume fraction over the dynamical time. Detailed modeling of
the MHD kinematics is needed to further test this model.
On the high-frequency side, the data in the Swift BAT 15(1 + z)–50(1 +
z) keV band in the first ∼ 10 days is consistent with the extrapolation of
the X-ray power-law (Levan et al., 2011, although we note the low pho-
ton statistics). Unfortunately, the SED in the MeV band is not strongly
constrained, so we do not know where the power-law cuts off or breaks to
a steeper segment. Since electrons radiating above the X-ray band are in
the fast cooling regime, a natural cutoff is the synchrotron burnoff limit at
Γmec
2/αFS ∼ 1 GeV (Γ/10) (αFS being the fine structure constant), corre-
sponding to the maximum electron Lorentz factor at which the synchrotron
cooling time is comparable to the Larmor timescale (de Jager & Harding,
1992; Piran & Nakar, 2010). Recent simulations of particle acceleration by
relativistic magnetic reconnection, including radiation reaction force, show
that this burnoff limit can be exceeded (Cerutti et al., 2014; Yuan et al.,
2016b), because the electric field responsible for acceleration may be locally
stronger than the magnetic field responsible for cooling. If the synchrotron
spectrum indeed extends above 0.1(1 + z) MeV, then the Fermi LAT upper
limits are violated by at least two orders of magnitude (as pointed out by
Bloom et al., 2011; Burrows et al., 2011). In this picture, we require addi-
tional absorption of (sub-)GeV photons by γγ interaction with the X-rays.
Consider the propagation of a high-energy photon with frequency ν ′h =
νh/Γ through the causally connected length r/Γ in the jet comoving frame.
It primarily interacts with low-energy photons with frequency ν ′` given by
hν ′` '
4m2ec
4
hν ′h
, (17)
and the peak cross-section is σγγ ' 0.2σT. The photon number density at ν ′`
is given by
n′ph(ν
′
`) '
νLν |ν`
4pir2cΓ2hν ′`
. (18)
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Then the optical depth for γγ absorption is
τγγ '
n′ph(ν
′
`)σγγr
Γ
' 5.2× 102 ν−0.8`,keV
LX,47
r14Γ21
' 2.5
(
hνh
0.1(1 + z) GeV
)0.8
LX,47
r14Γ3.61
.
(19)
We see that, in the synchrotron model, the non-detection of (sub-)GeV emis-
sion is expected if the jet Lorentz factor is modest Γ . 13 (LX,47/r14)0.28.
The synchrotron seed photons will be inverse-Compton scattered by the
same power-law electron distribution. Since the Compton-Y parameter is
proportional to γ′3dN/dγ′ ∝ γ′0.4, most of the synchrotron self-Compton
(SSC) power is contributed by those electrons near the Klein-Nishina sup-
pression threshold
γ′KN '
Γmec
2
hνseed
, (20)
where hνseed is the energy of the seed photons. Therefore, for a given seed-
photon frequency νseed, the luminosity of the scattered photons is
(νLν)SSC '
4
3
γ′3
dN
dγ′
∣∣∣∣
γ′KN
σT
4pir2
νLν |νseed
' 2.1× 1045 erg s−1 L
2
X,47Γ
0.4
1
ν0.2seed,keVr
0.2
14 (ξBLj,48)
0.9
.
(21)
The typical energy of the scattered photons is Γγ′KNmec
2 ' 26 GeV Γ21ν−1seed,keV,
which is well within the energy range of Fermi LAT. The strongest constraint
was in the first few days when the X-ray flux reached LX ∼ 1048 erg s−1 dur-
ing intensive flares. Taking a fixed X-ray radiative efficiency ηX = LX/Lj
and seed photon energy hνseed = 0.5 keV, we can use the LAT limit LSSC .
1046 erg s−1 to obtain
LX
LB
=
ηX
ξB
. 2.8× 10−2 r
0.22
14
Γ0.441
, (22)
provided that GeV photons are not absorbed due to γ-γ interaction. There-
fore, in the synchrotron model, the non-detection of the SSC component in
the (sub-)GeV band can also be explained if the X-ray radiative efficiency is
low ηX ∼ a few percent and the jet is strongly magnetized ξB ∼ 1.
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Finally, we conclude that the synchrotron emission remains a viable model
for generating the X-rays from TDE jets. The Fermi LAT (sub-)GeV lim-
its may be explained by either γγ absorption in a low Lorentz-factor Γ .
13 (LX,47/r14)
0.28 jet or low X-ray radiative efficiency (ηX ∼ a few percent).
The lack of near-infrared (K-band) emission requires that the X-ray emitting
electrons are re-accelerated on timescales shorter than their cooling time,
which may be possible if electrons are confined within magnetic reconnection
regions in a Poynting-dominated jet.
3.3.2. Synchrotron Self-Compton (SSC) Model
In this subsection, we discuss the model in which relativistic electrons
inverse-Compton scatter their own synchrotron emission to the X-ray band.
Over each scattering, the seed photons gain energy by a factor of (4/3)γ′2IC,
where γ′IC is the Lorentz factor of electrons responsible for scattering. The
probability of scattering is given by the Thomson optical depth of these elec-
trons τIC. Thus, specific luminosity of seed photons at frequency νs is given
by Lνs ' LνX/τIC  LνX , provided that the emitting region is Thomson thin.
Since the K-band (hν ∼ 1 eV) flux density is close to that in the X-ray band
FνK ∼ FνX ∼ 0.1 mJy, it is impossible to hide the synchrotron component
between ∼ 1 eV and the X-ray band without over-producing the K-band flux.
Thus, the typical energy of seed photons must be hνs  1 eV and hence the
scattering electrons have typical Lorentz factor γ′IC & 30. The K-band limit
means the synchrotron luminosity is modest Lsyn . 1044 erg s−1. The lumi-
nosity of the scattered photons is given by LX ∼ LSSC ∼ L2syn/LB (since the
Compton-Y parameter is Y ' Lsyn/LB), which means that the jet magneti-
zation is extremely weak ξB = LB/Lj ∼ L2syn/(LXLj) . 10−7(LX,47Lj,48)−1.
A more serious problem than the weak magnetization is that the second-
IC scattering generates high-energy photons in the Fermi LAT band — the
maximum energy allowed by Klein-Nishina scattering is given by Γγ′ICmec
2 &
0.15 GeV (Γ/10). It is possible to suppress (sub-)GeV flux by invoking a low-
Lorentz factor jet Γ < 10 such that the optical depth for γγ pair production
τγγ  1 (see eq. 19). However, these pairs carries a large amount of energy
Le± ∼ Y LX, which clearly exceeds the energy budget of the system (1053—
1054 erg).
We conclude that SSC emission is not a viable mechanism for generating
the X-rays from TDE jets. A more comprehensive study of the full parameter
space is presented by Crumley et al. (2016), where the authors show that the
SSC scenario cannot avoid an excess at a different wavelength or requiring
27
too much energy.
3.3.3. External inverse-Compton (EIC) Model
In this subsection, we discuss the possibility that the X-rays are gener-
ated by jet electrons inverse-Compton scattering soft photons from external
sources in the ambiemt medium. TDEs typically have very large optical-
UV photospheric radii of order 1014—1015 cm inferred from the blackbody
fit to their SEDs. The optical-UV emission from SW1644 was extinguished
by a large dust column, but the thermal UV component was clearly seen in
SW2058 (Cenko et al., 2012; Pasham et al., 2015) where the inferred photo-
spheric radius is rph ∼ a few×1014 cm. We note that rph inferred from black-
body fits are not the radius where the scattering optical depth equals to unity.
If the optical-UV radiation is generated by reprocessing of higher-energy
photons by an outflow with density profile ρ ∝ r−2 (Strubbe & Quataert,
2009; Metzger & Stone, 2016; Roth et al., 2016), then photons diffuse away
at the trapping radius rtr where the scattering optical depth becomes c/vw
(vw being the outflow speed). If the radiation energy density at the trap-
ping radius is denoted as Uph, then the photospheric radius inferred from
Luv ' 4pir2trUuvvw ' 4pir2phσSBT 4 is rph ' rtr
√
4vw/c.
As the jet goes through the optical-UV radiation bath, electrons will
scatter ambient photons to higher energies
hνIC ∼ Γ2γ′2hνuv. (23)
We see that, for a jet Lorentz factor Γ ∼ 10, cold or mildly relativistic
electrons/positrons γ′ ∼ 1 are capable of producing the X-rays (hνIC ∼
1 keV) by scattering UV photons (hνuv ∼ 10 eV). In the following, we assume
cold leptons in the jet comoving frame, based on the argument of fast-cooling
(eq. 15).
If the number of leptons per proton mass is ξe ∈ [1,mp/me] and the
magnetization is σ, then Thomson optical depth of the jet at radius r is
given by
τj ' σTLjξe/(1 + σ)
4pirΓ3mpc3
' 1.17× 10−2 Lj,48ξe
r14Γ31(1 + σ)
. (24)
The radiation energy density near the photospheric radius rph is given by
Uuv ' 4Luv/(4pir2phc). If the jet is optically thin, the inverse-Compton lumi-
nosity of each electrons is given by ∼ σTcUuvΓ4, where an additional factor
of Γ2 is because the electron is moving towards the observer at a relativistic
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speed. The total number of electrons in the causally connected region is
given by Ne = 4pir
2τj/σT. Thus, the total luminosity due to EIC scattering
near radius rph is given by
LEIC ' 4τjΓ4Luv ' (4.7× 1047 erg s−1)Luv,45 Lj,48Γ1ξe
rph,14(1 + σ)
. (25)
We see that the EIC scattering by a relativistic cold baryonic jet (ξe ∼ 1 and
σ  1) naturally reproduces the photon energy and luminosity of the X-ray
emission (as shown by Burrows et al., 2011; Lu et al., 2017). We note that
the strength of the inverse-Compton drag is given by ηdrag = LEIC/Lj, which
may reach order unity for a baryonic jet going through the ambient radiation
bath of Luv ∼ 1045 erg s−1 and rph ∼ 1014 cm.
The difficulty of the EIC model is to generate the power-law X-ray spec-
trum. This is because strong inverse-Compton cooling (similar as in eq.
15) quickly removes any power-law tail at γ′  1, unless additional re-
acceleration is invoked. It has been proposed that repetitive scattering in a
flow with strong shear motion can produce a power-law spectrum in a Fermi-
like process (Lu et al., 2017). This scenario relies on the jet structure in the
transverse direction such that a fraction of the photons scattered near the
jet axis are reflected back by the funnel wall and may get scattered again.
If the jet has opening angle θj ∼ Γ−1j , the optical depth of the jet in the
transverse direction is given by τtrvs ' τjΓ. If the reflection fraction is ηref ,
the Compton-y parameter for repetitive scattering in a baryonic jet (ξe ∼ 1
and σ  1) is given by
y ∼ Γ2τtrvsηref ∼ 1.2 ηref
0.1
Lj,48
rph,14
. (26)
Note that the Compton-y parameter is independent of the jet Lorentz factor,
which means all relativistically moving regions (at different angles wrt. the
jet axis) in a structured jet make contributions proportional to their local
isotropic power Lj. Thus, repetitive scattering by a cold jet may generate a
power-law spectrum through bulk Comptonization, provided that the jet is
surrounded by a reflector which constantly reflects ∼ 10% of the scattered
photons. General relativistic radiative MHD simulations of jetted TDEs by
Curd & Narayan (2019, their Figure 12) show that the bulk Comptonization
model is in qualitative agreement with the X-ray luminosity and spectrum
for SW1644, when the observer is looking down along the jet axis.
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A prediction of this model is that the power-law spectrum should cut off
at ∼ 5 MeV (Γ/10), because the scattering cross-section is suppressed when
photon energies in the jet comoving frame approach the Klein-Nishina regime
hν ′ ∼ mec2. This is distinguishable from the synchrotron model in subsection
3.3.1 where the power-law should extends up to 10’s or 100’s MeV (when γγ
absorption becomes important, see eq. 19).
4. Multi-Messenger Astronomy
In this section, we briefly discuss the multi-messenger aspects of TDEs,
including gravitational waves (GWs), PeV neutrinos and ultra-high energy
cosmic rays (UHECRs).
(1) A star in a parabolic orbit will plunge into the event horizon as a
whole if the pericenter radius rp is less than twice the Schwarzschild radius
of the BH, for a non-spinning BH (the maximum mass is larger for rapidly
spinning BHs, East, 2014). For the marginal disruption case (rp ' rT ' 2RS)
at luminosity distance DL, the peak GW strain is hmax ∼ GM?/(2DLc2) ∼
2×10−20 (M?/M)(DL/1 Mpc)−1. However, most TDEs have tidal disruption
radius larger than 2RS, so the corresponding peak strain is reduced by a
factor of 2RS/rT ∼ 0.1M2/36 M1/3?,R−1?,. The peak GW frequency for a TDE
is fpeak ∼ (2pi)−1
√
2GM?/R3?, which is ∼ 0.1 Hz (M?/0.6M) for white dwarfs
and ∼ 4×10−4 Hz (M?/M)−1 for main-sequence stars. These TDEs may be
detected by LISA as short GW bursts lasting for a timescale of (2pifpeak)
−1
(Kobayashi et al., 2004; Rosswog et al., 2009). Taking a LISA sensitivity of
∼ 10−20 around 10−3 Hz and 0.1 Hz (Robson et al., 2018), we see that only
TDEs within the Local Group may be detected in GW.
(2) Jetted TDEs have been suggested as possible sources of high-energy
diffuse (sub-)PeV neutrinoes (Wang & Liu, 2016). This model can avoid over-
producing the diffuse γ-ray background measured by Fermi (Murase, Guetta
& Ahlers, 2016), since GeV-TeV photons from pion decay are absorbed when
interacting with the X-ray radiation field (eq. 19). The (sub-)PeV neutrino
flux of 10−7 GeV cm−2 s−1 sr−1 requires a cosmic ray (CR) energy injection
rate of ∼ 1045 erg Mpc−3 yr−1 (Dai & Fang, 2017; Lunardini & Winter, 2017).
Taking a bolometric correction of a factor of ∼ 3, the isotropic equivalent
electromagnetic (EM) energy injection for each of the three Swift events is of
order 1054 erg. Inferred from Swift observations (Burrows et al., 2011; Brown
et al., 2015), the rate of jetted TDEs whose γ-ray emission are beamed to-
wards the Earth is ∼ 3× 10−11 Mpc−3 yr−1, which gives an EM energy injec-
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tion rate 3× 1043 erg Mpc−3 yr−1 that is a factor of 30 less than the required
CR injection rate. We see that jetted TDEs may be sub-dominant neutrino
sources. On the other hand, this discrepancy may be reconciled by a very
low bolometric radiative efficiency . 3% (and nearly all the jet energy goes
into CRs). Another possibility is that many weak TDE jets are hydrodynam-
ically choked or Compton dragged to low Lorentz factors such that their γ-ray
emission is strongly suppressed (and hence undetectable by Swift). The next
generation of all-sky soft X-ray surveys (e.g. eROSITA and Einstein Probe)
should provide a more accurate jetted TDE rate.
(3) Jetted TDEs have also been suggested as possible sources of UHECRs
(Farrar & Gruzinov, 2009; Farrar & Piran, 2014). According to the Hillas
criteion (Hillas, 1984), the maximum CR energy in the jet comoving frame E ′
is limited by the Larmor radius being less than the size of causally connected
region r/Γ, i.e. E ′ ∼ ZeB′r/Γ, where B′ is the B-field strength and Ze
is the charge of the particle. For a Poynting jet with isotropic equivalent
luminosity Lj, we have B
′r ∼√Lj/Γ2c and hence the maximum CR energy
is E ' ΓE ′ ∼ 1020 eVZL1/2j,48/Γ1. To explain the bulk UHECR flux, a CR
energy injection rate similar to that required by the high-energy neutrinoes
is needed. Again, the debate comes down to the uncertain rate of jetted
TDEs.
5. Conclusion
Jetted TDEs are the youngest members of the family of relativistic jets.
These events provide an ideal testbed to study many aspects of jet physics:
1. The sudden switch-on and then switch-off over a period of two years in
SW1644 and SW2058 indicated that the jet launching may be associ-
ated with super-Eddington accretion.
2. The occurrence rate of the Swift events constrains the fraction of TDEs
with relativistic jets to be fj & 3×10−3. On the other hand, the absence
of strong radio emission from very nearby TDEs (e.g. ASASSN-14li)
shows that jet launching is not universal in all TDEs, which implies that
super-Eddington accretion is not a sufficient condition for launching
relativistic jets.
3. The radio afterglow of SW1644 indicates that the total jet kinetic en-
ergy is of order 1053 erg, which means that the jet launching process
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must be highly efficient at least for this event (given the total energy
budget of 1054 erg).
4. The multi-wavelength data, in particular the lack of near-infrared and
GeV emission, from SW1644 and SW2058 put interesting constraints on
the γ/X-ray emission mechanism and jet composition. For instance, the
synchrotron self-Compton model has been ruled out for the X-ray emis-
sion from these events. The two surviving models are synchrotron emis-
sion (which requires a Poynting-dominated jet) and external Compton
scattering (off thermal UV-optical photons).
Despite the delightful progress above, much more work is still needed in
this young research field.
1. The dynamics of the jet (determining the observed emission), depend-
ing on a the large variety of TDE conditions (i.e., different stellar and
black hole masses, impact parameters, the magnetic field, etc) and on
the SMBH environment, has been only partically studied.
2. In particular, with respect to the dynamics of the jet through the very
close-by region, polluted by the TDE debris, the unanswered questions
are: How does the TDE debris (and Compton drag by UV-optical
photons) affect the dynamics of baryonic/leptonic/Poynting dominated
jets? What are the signatures of the extended cocoon generated by the
jet-environment interaction? How does Lense-Thirring precession (due
to misalignment between disk angular momentum and BH spin) affect
the jet propagation?
3. The biggest limit to our understanding of jetted TDEs is the low num-
ber of detections (and hence the jet fraction remains uncertain by sev-
eral orders of magnitude). The unanswered questions are: What is the
most promising way of finding jetted TDEs? Is it possible to observe
the thermal emission and afterglow from the cocoon (specially in rela-
tivistic jets seen off-axis)? Are there more γ/X-ray bright events buried
in Swift archive data? What is the typical angular structure of TDE
jets?
4. It is unclear why some TDEs produce relativistic jets (as indicated
by bright γ/X-ray and radio emission) while others only have non-
relativistic outflows. Also, what processes control the on-and-off switch
of jets in the Swift events?
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5. It is still unclear why the jets in the Swift events pointed towards the
observer in a quasi-steady manner, given that Lense-Thirring precession
should quickly cause the narrowly beamed jet emission to move out of
our line of sight. If the jet axis was brought to alignment with the BH
spin, how was the alignment process achieved? What are the signatures
of Lense-Thirring precession of TDE jets?
6. TDE jets may be interesting multi-messenger sources (of PeV neutrinos
and UHECRs), given that current observations allow a jet fraction as
high as fj ∼ 0.1.
Looking into the near future, the sample of jetted TDEs should grow by
one or two orders of magnitude. Wide field-of-view radio transient surveys by
ASKAP/VAST and VLASS will likely find ∼10 off-axis jetted TDEs per year
(Metzger et al., 2015). The ngVLA survey at 3–100 GHz will likely find ∼100
on-axis jetted TDEs per year (van Velzen et al., 2018b). Moreover, follow-up
observations of optically selected TDEs by ngVLA will be able to detect faint
radio emission at the level of ASASSN-14li up to z = 0.2 (van Velzen et al.,
2018b), and hence the population of off-axis jetted TDEs will be strongly
constrained. On the other hand, all-sky X-ray surveys eROSITA (Merloni et
al., 2012) and Einstein Probe (Yuan et al., 2015) may be able to find a few
on-axis jetted TDEs per year without Swift γ-ray triggers (Khabibullin et
al., 2014). These next generation of facilities will shed light on many of the
open questions.
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